ABSTRACT X-ray microtomography can be used to generate three-dimensional 5123 images of random materials at a resolution of a few micrometers per voxel. This technique has been used to obtain an image of an ASTM C109 mortar sample that had been exposed to a sodium sulfate solution. The three-dimensional image clearly shows sand grains, cement paste, air voids, cracks, and needle-like trystah growing in the air voids. Volume fractions of sand and cement paate determined from the image agree well with the known quantities. Implicationsfor the study of microstructure and proposed uses of X-ray microtomography on cement-baaedcomposites are discussed.
INTRODUCTION
The service life and durability of concrete depends on a wide variety of factors [1] . Possible degradation mechanisms include environmental exposure to deleterious compounds of sulfates or chlorides, damage due to frost attack, and spalling as a result of exposure to the high temperature of a fire. The rate of damage can strongly depend on a concrete's transport properties which in turn depend on its microstructure. With knowledge of the three-dimensionalconcrete microstructure it is possible to determine transport properties that are then used to predict service life. To do this, representative models of the concrete or mortar microstructure are needed.
Two current approaches to representingthe microstructure of concrete are 1) constructing ideal models of concrete (e.g., sphere packings modeling the placement of sand in a mortar) and 2) using real two-dimensional images to carry out a variety of studies. For instance, reasonably high resolution two-dimensional images can be made of a mortar or concretevia sting ele~ron microscopy. Clearly, these two approaches are not mutually exclusivein that data from real images can be used to help guide model building.
In the last decade significant improvements [2] have been made in the development of "wperimentalmethods to create three-dimensional images of real microstructure such M sandstone, CO~, md biologic~materials. k partitiar, it is possible to nondestructively generatemaps of X-ray attenuation with about 1 percent accuracy and a resolution of [2] . In thb paper, we present results of a study concerning the generation of a three-dimensional image of cement mortar using X-ray microtomography. The image processing techniques are dkcussed. We find that realktic images of the mortar can be made that preserve the volume fractions of cement paste and sand grains.
CEMENT MORTAR SAMPLE PREPARATION
The material studied was an ASTM C109 mortar [3] with a water/cement ratio of 0.485 and a mndfcement ratio of 2.75. The mnd grains ranged between 300-600 pm in dkrneter. Once the sample was made it was cured for 1 day and then exposed to a 10 percent solution of sodium sulfate for about six weeks. To stop further hydration and sulfate attack at a selected testing time the specimen was potted with an ultra-low viscosity resin using a tw~step replacement procedure [4] . This procedure also minimizes the occurance of drykg shrinkage cracking. First, the pore soultion is replaced with ethanol and then the ethanol is replaced with resin. The resin was cured at 60 degrees centigrade for 24 hours. A cylindrical sample speciman 3.5mm in diameter is then cored from the original mortar to be manned. Note, tomography do= not require the potting procedure, as specimens could be scanned dry or even wet,
The three-dimensional x-ray attenuation map of the cement mortar was generated at the National SynchrotronsLight Source (NSLS) located at Brookhaven National Laboratory using Exxon's microtomography scanner at beamline X-2B. This instmment is an opticaI microscope that images scintillation events in a phosphor onto the surface of a 512x512 cooled CCD. X-rays illuminate a cylindrical specimen and radiographic images are acquired at a large number of dkcrete view angles as the specimen is rotated about its axis. This rotation axis is perpendicular to the x-ray beam and parallel to the C(2D pixel coiurnns. At the conclusion of a scan the image data from the CCD are sorted such that the specimen projections for each pixel row are collected together. These collected data are reconstructed to forma single 2-D tomographic slice. Since the synchrotronsbeam is highly collimated, a fast Dkect Fourier inversion algorithm is used to rapidly reconstruct the 512 slices corrs pending to each CCD row. Three dimensional volumes are built up by stacking the slices. Beam hardening artifacts are eliminated by using a Silicon monochromator to select a wdl defined energy.
Under ideal conditions the ultimate spatial resolution of this instrument is comparable to a light microscope and is about 1 micron. For this study the spatial resolution is limited by the specimen size which is about 3.5mm. Wkh a field of view for the mortar specimen of slightly greater than 3.5mm, each pixel represents about 7 microns.
The mortsr specimen in this study was scanned at 17 keV and ra&ographic images were acquired in 0.36 degree increments between O and 180 degrees of specimen rotation. Data acquisition and reconstruction were completed in 1.5 hours. This scanning protocol res~ted in a reconstructed volume that is more noisy than what is usually achievable. The protocol for future scans will be modified to reduce noise. Figure 1 is a tw~dimensional image of the attenuation coefEcients of a plane from the reconstruction of the X-ray tomography data. Note that there are a wide variety of features presentin the image. The light areas representcement paste, the somewhat darker areas are wind grains and the darkest areas are air voids. Inside the air voids are crystalline growths, which most likely are calcium hydroxide or possibly gypsum or ettringite. There is also a crack resulting from the sulfate attack. Notice also the existence of concentric rings, which are an artifact of the topographical data collection process. Also, there is some noise which may, in part, be due to the local inhomogeneity of the component materials. For this preliminary study we decided to subdivide the image into three separate phases: smd, cement paste and air voids. Although there are many other features, .ss described above, these thr~phmes mde the lmgest volumetric contribution and are clearly (at least to the eye) dktinguishable.
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RESULTS-mAGE PROCESSING TECHNIQUES
Once the decision is made to convert the original attenuation coefficients into three phases, a procedure must be developed to decide what voxel (volume element) corresponds to what phase. Due to the noise present in the original image it is not easy to systematically 79 separate the phases. For instance a simple tbresholding of the attenuation coef%cients, which range in value over two decades, produces an unrealistic image.
In order to produce a more realistic image, a four step image processing procedure was performed. The first step was intended to remove the ringing artifact and some of the local variation from the image. We chose a technique based on the discrete wavelet transform [5] . In many ways the wavelet transform is similar to the Fourier transform. It consists of representing the image as a weighted sum of basis elements. With the Fourier transform, the basis elements are the sine and cosine functions of different frequencies. The wavelet basis elements also have different frequencies. However, unlike the Fourier transform, a wavelet basis element is nonzero only in a finite region. Therefore, high frequency noise can be removed locally instead of globally as in the case of the Fourier transform. As a result, an advantage of the wavelet transform over the Fourier transform is that it is capable of preserving boundaries better. The particular wavelet technique employed is based on the thresholding idea of Donoho [6] .
In figure 2 we show a comparison of attenuation profiles before and after the wavelet processing. Next thresholding was preformed on the image to segment it into the three phases. We found there was still some spurious noise which was cleared up with use of a median filter [7] .
4-----J
The final stage removed the unphysical presence of a band of sand surrounding air voids. This is due to the interpolation of the attenuation coefficient in regions where air voids border the cement paste. To remove the bordering of spurious rend, the regiom near the sand-air void boundary were dilated (i.e., sand regions neighboring air-void were converted to air-void). Figure 3 shows the final processed image. C)nce all the images had been processed, we then determined the ratio of sand to cement in the three demension~reconstruction of the mortar and found it was in excellent agreementwith the mix design (i.e., 55 volume percent sand, 45 volume percent paste). We are currently studying the sand grain size distribution. Here, there is the difficulty that one must carefully separate touching sand grains. However, our preliminary studies, employing watershed segmentation techniques [8] are encouraging.
CONCLUSIONS-FUTURE RESEARCH
The use of X-ray microtomography to investigate the thredirnensional microstructure of a cement mortar has been demonstrated. For our study, resolution of order 10 pm was sticient to visualize the main features of a mortar. At higher resolutions other features in the mortar, such as the interracial zone microstructure at the sand grain/cement paste may become more apparent. Limits to the size of sample studied depends on the resolution needed. Since the CCD used in the data collection had 512 pixels accroas, the resolution is W/512 where W is the sample width. Studying larger 6amp1es will therefore sacrifice resolution. Future research includes the studying the size and spacing between sand grains or air voids, the ingress of materials into mortar, the interracialzone, the flocculation structure of cement grains, fracture, and computation of stress fields and elastic moduli. With realistic three-dimensional images of mortar available it should be possible to better understand transport properties and degradation processes in mortars and concrete.
